Hollow Sn and Pb nanoparticles have been prepared by a rapid injection of an aqueous solution of SnCl2-poly(vinylpyrrolidone) (PVP, surfactant) and Pb(OAc)2·3H2O-PVP into an aqueous solution of sodium borohydride (reducing agent) in simple, one-pot reaction at room temperature under an argon atmosphere, respectively. The two hollow nanoparticles have been fully characterized by TEM, HRTEM, SAED, XRD, and EDX analyses. Upon exposure to air, the black Pb hollow nanoparticles are gradually transformed into a mixture of Pb, litharge (tetragonal PbO), massicot (orthorhombic PbO), and Pb5O8. The order and speed of mixing of the reactants between the metal precursor-PVP and the reductant solutions and stoichiometry of all the reactants are crucial factors for the formation of the two hollow nanocrystals. The Sn and Pb hollow nanoparticles were produced only when 1:(1.5-2) and 1:3 ratios of the Sn and Pb precursors to NaBH4 were employed with a rapid injection, respectively.
Introduction
Nanostructures with an empty core are fascinating materials due to several advantages such as low density, high surface area, lighter weight, and reduced cost compared to their solid counterparts. In particular, hollow nanomaterials exhibit superior characteristics in their applications such as catalysis, 1 fuel cell, [2] [3] biotechnology, 4-6 lubricant, 7 and nanoreactor. 8 Metallic hollow nanoparticles have been prepared from the general synthetic strategy that the surface of templates (e.g., silver, 9-12 selenium, 13 cobalt, 2,14 polymer latex, 15, 16 and silica 1, [17] [18] [19] ) is covered by desired metals, and then the core templates were selectively removed through calcination, wet chemical etching, and galvanic replacement. Great challenges still remain, however, in preparing hollow spheres via one-step thermal solution reactions.
Tin nanostructures have been shown to exhibit a high catalytic activity in the dehydrogenation of isobutene, 20 and enhanced capacity and cycling stability when alloyed with lithium for secondary battery applications. 21 Tin nanoparticles have been prepared through the methods of thermal evaporation of a bulk tin ball, 22 reaction of SnCl4, Mg2Sn, and n-C4H9Li in ethylene glycol dimethyl ether, 23 and reduction of SnCl4·5H2O by tetraoctylammonium bromide in dichloromethane. 21 Lead nanostructures are attractive materials for its potential applications in superconductor 24 and photonic crystal. 25 Lead nanoparticles have been prepared by reduction of Pb[N(SiMe3)2]2 by H2Al(O t Bu) 26 and polyol reduction of Pb(CH3COO)2·3H2O. 25 Herein we report simple, one-pot syntheses of hollow Sn and Pb nanoparticles by employing SnCl2 or Pb(OAc)2·3H2O (Ac = CH 3 CO) as a precursor, sodium borohydride as a reducing agent, and poly(vinylpyrrolidone) (PVP) as a surfactant under extremely mild conditions at room temperature.
Experimental Section
All reactions were carried out under an argon atmosphere with use of standard Schlenk techniques. Ultra-pure water was obtained from Milli-Q immediately before use. SnCl2 (98%, Strem Chemicals), Pb(OAc)2·3H2O (99%, Yakuri Pure Chemicals), poly(vinylpyrrolidone) (PVP, Mw ≈ 55,000 Dalton, Sigma-Aldrich), sodium borohydride (98%, Aldrich), and 1-methyl-2-pyrrolidone (99%, Aldrich) were used without further purification.
The hollow Sn nanoparticles (10 ± 1.4 nm in diameter with a 5 ± 0.9 nm hole) were prepared by a rapid injection of a mixture of SnCl2 (50 mg) and poly(vinyl pyrrolidone) (PVP) (295 mg, M w = 55,000) in ultra-pure H 2 O (2 mL) into an aqueous NaBH4 (10 mg) solution (H2O, 8 mL) under an argon atmosphere at room temperature. The reaction was allowed to proceed for 10 min. To the resulting reaction mixture was added ethanol (20 mL) and centrifuged at 14,000 rpm for 30 min to remove byproducts and excess PVP. Similar repeated purification (3 times) with ethanol (20 mL) gave a black precipitate, which could be readily re-dispersed in various hydrophilic solvents such as methanol, ethanol, and water. The hollow Pb nanocrystals (51 ± 7 nm in diameter with a 30 ± 4 nm hole) were similarly prepared by the procedure described above for the preparation of the hollow Sn nanoparticles except that Pb(OAc) 2 ·3H 2 O (70 mg), PVP (205 mg), and NaBH4 (10.5 mg) were used.
The Sn, Pb, and composite (Pb, litharge (PbO), massicot (PbO), and Pb5O8) hollow nanocrystals were characterized by XRD (Rigaku D/MAX-RB (12 kW) diffractometer using graphite-monochromatized Cu-Kα radiation at 40 kV and 45 mA and Bruker D8 Advance (3 kW) with Vantec detector diffractometer using Ge (111) kV; EDX line analysis: Tecnai G2 F30 S-TWIN operated at 300 kV), and selected area electron diffraction (SAED) patterns attached to EM912. Samples for TEM investigations were prepared by placing an aliquot of ethanol solution onto an amorphous carbon substrate supported on a copper grid and allowing the grid to dry at room temperature.
Results and Discussion
Hollow Sn and Pb nanoparticles have been prepared by a rapid injection of an aqueous solution of SnCl2-poly(vinylpyrrolidone) (PVP, surfactant) and Pb(OAc)2·3H2O-PVP into an aqueous solution of sodium borohydride (reducing agent) in one-pot reaction at room temperature under an argon atmosphere, respectively. The evidence for the hollow nature of nanocrystalline Sn and Pb is seen in the TEM and EDX analyses of the materials. Both TEM (Figure 1 ) and HRTEM (the insets) images of Sn or Pb nanoparticles reveal that the middle part is brighter than the edge of the particles, clearly indicating a well-defined void. The hollow Sn nanoparticles tend to be collapsed by the e-beam during the TEM measurement ( Figure S1 in the supporting information). Furthermore, Figure 2 shows the EDX line analysis across a single Pb particle (Tecnai G2 F30 S-TWIN operated at 300 kV, 60 pixel size, and 3 sec dwell time). The Pb L line decreases from the outer wall toward the center. We were not able to obtain a well-defined Sn line analysis, because the Sn nanostructure collapsed when exposed to the e-beam of the TEM as indicated above. The XRD data (Figure 3 ) of the hollow Sn and Pb nanoparticles are consistent with a tetragonal structure for Sn (JCPDS card No. 65-2631) and a cubic structure for Pb (JCPDS card No. 65-2873). The SAED pattern of the hollow Sn nanoparticles in Figure 4 (a) matchs well with the XRD data of this material.
The following results render some insight into this novel phenomena of the formation of the hollow nanoparticles. The hollow nanoparticles form only in very limited ranges of stoichiometric ratios of the precursor, surfactant, and reducing agent, as indicated in the synthetic procedures. The hollow nanoparticles are formed in the early stage of the reactions within a few minutes. The Pb hollow nanoparticles were produced only when a 1:3 ratio of the Pb precursor to NaBH4 was employed with a rapid injection. Upon exposure to air, the color of the solution containing black Pb hollow nanoparticles gradually changed from black to pale yellow. The SAED (Figure 4(b) ), XRD ( Figure S3 ), and HRTEM ( Figure  S4 ) data of these pale yellow particles indicated that a mixture of Pb, litharge (tetragonal PbO), massicot (orthorhombic PbO), and Pb5O8 formed. When a Pb(OAc)2·3H2O aqueous solution instead of a Pb(OAc)2·3H2O-PVP solution was added to an aqueous solution of NaBH4 and PVP, only solid nanoparticles (5 ± 1.8 nm) were formed, and their hollow counterparts were not observed.
In the case of Sn nanocrystal formation, a dropwise addition of an aqueous mixture of SnCl2 and PVP to an aqueous solution of NaBH4 resulted in the formation of mixed nanoparticles with solid 11 ± 1.7 nm (89%) and hollow 9 ± 1.6 nm with a 5 ± 0.8 nm hole (11%) (Figure S5(a) ). If reagents are added in a dropwise and reverse way, this also led to mixed nanoparticles of solid 10 ± 1.5 nm (63%) and hollow 9 ± 1.1 nm with a 5 ± 0.6 nm hole (37%) ( Figure S5(b) ). However, in a rapid injection of SnCl2-PVP to NaBH4, the shape of hollow nanoparticles was strongly dependent on the stoichiometric NaBH4 to Sn precursor ratio. With (i) 1, (ii) 1.5, (iii) 2, and (iv) 3 equivalent ratios of NaBH 4 to Sn, (i) solid 9 ± 0.7 nm, (ii) hollow 9 ± 1.1 nm with a 2 ± 0.9 nm hole, (iii) hollow 10 ± 1.4 nm with a 5 ± 0.9 nm hole, and (iv) solid 11 ± 1.5 nm (87%) and hollow 9 ± 0.7 nm with a 3 ± 1.1 nm hole (13%) of Sn particles, were produced, respectively ( Figure S6 ). Hollow Sn particles were only formed with a 1:(1.5-2) ratio of the Sn precursor to NaBH 4 . These results imply that the interaction between metal precursors and PVP as well as rapid reduction of metal precursors are the critical factors for the production of hollow structures. The PVP surfactant is the only one that yields the hollow nanoparticles among various surfactants tested such as cetyltrimethylammonium bromide, poly(propylene carbonate), and polyacrylamide. The insoluble SnCl2 precursor in water becomes soluble upon mixing with the PVP ligand, implying that Sn 2+ (Pb 2+ in the other case) strongly interacts with PVP as previously reported. 27 The 1 H NMR spectra of an aqueous solution of SnCl2 and 1-methyl-2-pyrrolidone (mpy) and that of Pb(OAc) 2 ·3H 2 O and mpy reveal av. 0.30 and 0.21 ppm downfield shifts compared to the pure mpy peaks, respectively, as shown in Figure 5 28 The TEM image of the sample taken immediately after injection of Pb(OAc)2·3H2O-PVP solution into a NaBH4 solution showed hollow nanoparticles of 43 nm with a thin shell thickness of 1.7 nm (Figure 6(a) ), and the size evolution was observed as the reaction proceeds [44 nm with a 4.5 nm shell thickness after 1 min (Figure 6(b) ) and 56 nm with a 11 nm shell thickness after 10 min (Figure 6(c)) ]. Proposing detailed pathways for the formation of hollow nanoparticles from our data provided in this work is unfeasible, but it is likely that the reduction of metal ions bound on PVP form a thin metallic hollow nanostructures and subsequent growth of this shape occurs from both sides of the shell by further reduction of metal ions in the bulk water and those in the inside of the hollow nanocrystals as observed in Figure 6 . The fast nucleation and growth processes seem to be important factors for the formation of hollow nanoparticles, since an instantaneous reduction of metal ions took place in the presence of large excess of the reducing agent in comparison to the metal precursors.
The syntheses of hollow metallic nanoparticles are limited to a few approaches. The most common methods involve the deposition of metal onto solid nano-template metal, silica and other materials and subsequent removal of the templating core by dissolution or calcination, and the galvanic replacement reactions. The coassembly of metallic nanoparticles with organic molecules have been employed to construct hollow nanospheres. 29 An interesting method for making hollow Pt nanoparticles using templating riposomes containing photocatalyst molecules has been recently reported. 30 Hollow Gold nanocubes have also been prepared by electron beam reduction. 31 Our method is a unique, novel, and important addition to the syntheses of hollow metallic nanoparticles.
Conclusion
The first synthetic examples of hollow Sn and Pb nano-structures have been shown in aqueous solution and at room temperature by one-step synthetic methods. The order and speed of mixing of the reactants between the metal precursor-PVP and the reductant solutions and stoichiometry of all the reactants are crucial factors for the formation of the hollow nanocrystals. The hollow lead nanoparticles are so reactive that it could be used for making other hollow, inorganic, and derivatized, lead nanomaterials. We anticipate our approach will provide new opportunities in the preparation of varieties of hollow nanoparticles by simple, one-pot synthetic reactions. We are currently investigating the generality of our method for the preparation of metallic hollow nanoparticles.
Supporting Information Available. Synthetic procedures, XRD data of composite hollow Pb nanocrystals and the sample holder, TEM images and SAED patterns of Sn and Pb nanoparticles, 1 H NMR spectra of mpy, SnCl2-mpy, Pb(OAc)2·3H2O-mpy, and Pb(OAc)2·3H2O, and IR spectra of PVP, Pb(OAc)2·3H2O, SnCl2-PVP, Pb(OAc)2·3H2O-PVP, Sn nanoparticle-PVP, and Pb nanoparticle-PVP.
